Abstract-The development of bio-inspired controllers seems to be a good and robust way to obtain an efficient and robust robotic locomotion, mimicking their biological counterparts. In this Master Thesis two bio-inspired controllers were developed in order to generate stable and robust locomotion on uneven terrains. Firstly, a reflex controller that has to be capable of generating locomotion, based only on sensory information. Secondly, a hybrid controller that combines Central Pattern Generators (CPGs) and reflexes. The results show that the reflex controller is capable of producing stable quadruped locomotion with a regular stepping pattern, and it proved to be capable of dealing with slopes and small obstacles. The hybrid controller improved the robot's behavior by increasing its stability, harmony and displacement in the majority of the experiments. Moreover, the stepping patterns become more regular. This combination enables to increase robustness to sensor imperfections and to anticipate the robot's motor actions.
I. INTRODUCTION
Legged animals present an efficient and harmonious locomotion, capable of walking and running on unstructured terrains, with obstacles, holes and slopes. Therefore, the development of bio-inspired controllers seems to be a good and robust way to obtain an efficient and robust robotic locomotion, mimicking their biological equivalents.
Despite current and intensive research, locomotion of quadruped robots has not yet achieved the harmony, flexibility, efficiency and robustness of its biological equivalents, and, therefore, its development seems to be crucial. The generation of locomotion on unpredictable terrains is a big challenge, one that traditional methodologies were not yet able to successfully solve, and the biological evidences recorded over the years give us sufficient bases and supports to start the development of bio-inspired robots.
It is known that locomotion in animals is generated at the spinal cord by a combination of CPGs and reflexes. CPGs can be simply defined as biological neural networks capable of producing rhythmic patterns in absence of sensory information. On the other hand, reflexes are events triggered by sensory signals. How exactly this combination is made in animals is still unknown, however, this innovative thesis proposes a network which combines both identities.
The integrated use of CPGs and reflexes provide for improved performance considering robustness and sensibility to disturbances, as well as speed-adaptive capability. On one hand, the combination of CPGs and reflexes can bring greater responsiveness of the robot to all types of disturbances through the reflexes. On the other hand, due to the presence of CPGs, the robot can have a supervisor able to predict every movement and, thus, be able to correct disabilities found during locomotion, such as system noise and sensory feedback failure. This approach is sustained by the existent and ever growing consensus that both intrinsic and sensory feedback signals play a crucial role in controlling the act of locomotion [1] . Additionally, there is also biological evidence that there is a twoway interaction between the CPGs and the body, such that the CPGs actively process sensory inputs, and mechanical factors contribute to entrainment of the CPGs [2] , [3] . In such case, CPGs could instead be interpreted as generators of oscillatory signals as a means to decode sensory information, instead of producing motor commands in a feedforward manner.
Some projects were carried comprising CPGs and reflexes [4] - [6] . In all these studies, CPGs are the central mechanism responsible for direct motor generation, and reflexes had the function of regulating/modifying the CPG's activity. In our approach, CPGs have an alternative role, serving as predictors of motor actions, providing an internal model of the limbs movements. Therefore, CPGs are capable of filtering the errors from sensory information, producing a more robust locomotion, at the same time being very adaptable to the real world, since the controller has a reflex network that generates motor actions through the robot's interaction with the environment.
The major questions that arise, in this project, are how reflexes are combined with CPGs and what is the role that each part performs in the locomotor system. Main innovation comes from the hypothesis of using CPGs as feedback predictors, following an idea from Kuo [7] , in which the CPG component is derived from the feedback pathways, and then modulate their timing, amplitude and duration.
Simulations were produced in the simulated Oncilla robot, an open-source, open-hardware quadruped robot with position controlled hips and retractable, passive compliant knees.
II. GOALS
The ultimate goal is the implementation of a controller that combines two relevant biological concepts: CPGs and reflexes. To achieve this final objective, it is necessary to achieve the following goals:
Goal 1: The first step is to conduct an extensive survey on the state of the art related with the biological evidences of reflexes in quadrupeds, and by specifically unveiling the ones which are more important and/or relevant to achieve an efficient locomotion.
Goal 2: Hereinafter, an extensive research will take place, about the bio-inspired controllers implemented in quadruped robots, allowing a better understanding of the advantages and disadvantages of the current state of the art.
Goal 3: The development of a reflex network is the next step. This sensory driven controller has to be capable of generating locomotion, based only on the interactions of the robot with the environment. The goal is to accomplish a parsimonious controller, resorting to the necessary number of reflexes to produce a successful walking behavior in irregular and unexpected terrains.
Goal 4: After the successful development and validation of the reflex network, a new controller has to be implemented, comprising and combining the two biological concepts: CPGs and reflexes. In the overall, this combination will be achieved by having the oscillator acting as an internal model of limb motion which predicts the state of the limb, and having the CPG entrained by a feedback sensory signal, acting as an error signal, which will accelerate/deaccelerate the CPG.
III. BIO-INSPIRED CONTROLLERS
This section presents the core of the project, and describes the two bio-inspired controllers developed during the Master Thesis. The design of the controllers is based on biological mechanisms necessary for the generation of locomotion.
The reflex network was the first controller developed for the Oncilla quadruped robot, using neural networks. It is capable of producing quadruped locomotion on irregular terrains, based on the interactions of the robot with the environment.
The hybrid controller comprises the extension of the reflex network through the addition of CPGs. In this controller a feedforward component in each limb, modeled by CPGs, was added to the system, compensating for both disturbances and sensor performance, and thus improving the walking behavior. The CPGs present a rhythmic internal model which drives the reflex network, serving as predictors of the expected motor actions resultant from the reflex network.
A. Reflex Controller
The reflex network depicted in figure 1 is enough to produce stepping motions in a single limb. This network uses feedback rules connecting multimodal sensory information to a set of sensory interneurons (µ), and motoneurons (Ψ), to achieve the effective joints velocities. Sensory information is also connected to a set of direct actions (ζ,) which in turn can act directly in the specifications of the joints' velocities.
Four sets of feedback rules switched according to a state machine. A set generates the stance phase control, propelling the robot forward, by acting on the hip. Another set of rules controls the swing phase, bringing the leg forward by acting on the hip. The other two sets control touchdown and liftoff phases by extending and flexing the knee, respectively.
Hereinafter, each component of the reflex network is described in detail.
1) Sensory Inputs: The sensory inputs to the reflex network translate the robot interactions with the environment. There are four different types of sensors: touch sensor of footpad to detect ground contact and to detect when the limb is supporting the body weight; touch sensor of the dorsum paw to detect obstacles; joint encoder to calculate the joint position to be able to detect the anterior extreme position (AEP) and posterior extreme position (PEP); the vestibule to measure the body pitch angle (BPA).
Sensors signals stimulate a set of sensory interneurons (µ), translating sensory events based on the limb's sensory information. Sensory events are detected through the sensory interneurons of each limb, µ GC , µ AEP , µ PEP , µ DC , µ Load implemented as logistic functions, activated (= 1) when the sensory values cross a defined threshold.
2) Direct Actions: Direct actions refers to a set of reflexes that are not connected to motoneurons but rather act fast and directly in the specification of the velocity of the robot joints. In this work these are the stumbling reflex (ζ StH and ζ StK ) and the vestibulospinal reflex (ζ VR ). When the dorsum paw touches an obstacle, the stumbling reflex is activated acting in the hip and knee joints of the limb that tripped, allowing the robot limb to overcome small obstacles. The vestibulospinal reflex is activated when the vestibule detects an excessive body pitch angle, helping the robot to maintain its posture, through a fast action in the knees of the four legs.
3) Motoneurons: Motoneurons are based on a non-spiking neuron model, representing a population of functionally similar neurons and outputting a mean firing frequency. These neurons are simple leaky integrators. The excitatory (ξ +j ) and inhibitory (ξ −j ) synaptic inputs are calculated from first-order differential equations adapted from [5] , as follows:
where j represents the motoneuron (stance, swing, touchdown, liftoff) acting on a limb; τ is the time constant; Υ + and Υ − are the sets of excitatory and inhibitory synapses; w i is the strength of synapse: w ∈ [0, 1] and µ i is the output value from the corresponding presynaptic sensory interneuron. The neuron activation of the motoneurons is given by :
The output of the neuron model reflects a mean firing rate, between 0 and 1, and is characterized by its time constant, the gain Γ and the activation threshold Θ.
4) Joint Outputs:
A single limb is controlled by four motoneurons (Ψ swing , Ψ stance , Ψ liftoff , Ψ touchdown ), which determine the activation of the four motor actions of the robot step cycle. Each motor action is governed by one neuron. The velocity joint output is directly dependent on the neuronal activity of the motoneurons, (Ψ ∈ [0, 1]), as follows:
α and γ are the fixed rates of change for hip and knee joints, respectively. To limit the range of activity on the knee, due to its limited range of action, two joint repellers are included. Parameters g lim and σ define the strength and width of these repellers, respectively. The values of Θ k,max and Θ k,min are the maximum and minimum knee joint limits, respectively. They are used to prevent knee joint overextension. Three direct actions, ζ, directly influence the desired joint positions: ζ StH entrains directly the hip joint velocity; ζ StK and ζ VR entrain directly the knee joint velocity.
B. Hybrid Controller
The hybrid controller depicted in figure 2 is enough to produce stepping motions in a single limb. It can be divided into three biological relevant stages: feedforward (CPG) component, feedback (reflex) component and final motoneuron activity (Ψ). The feedback component is similar to the reflex controller presented previously, except for the touch sensors of each foot-pad that also provide information about the Ground Reaction Force (GRF), which will be used in the CPG component.
The interaction of the internal model provided by the CPG and a feedback control that uses the predicted state provides for the emergence of a CPG behavior.
The motor actions executed by the Oncilla robot result of a direct combination of the feedforward and feedback components, using a proportional term to control the relative importance of the CPG vs. the feedback it predicts. The predicted motor actions from the CPG (Ψ CPG ) are compared with the motoneurons of the reflex component (Ψ RC ), correcting erratic motor actions that can be generated by the purely sensory-driven controller. The final motoneurons activity is calculated as follows:
where j represents the step phase (stance, swing, touchdown, liftoff); Ψ j , Ψ j,CPG and Ψ j,RC are the final motoneuron activity, predicted motoneuron activity and motoneuron activity from the reflex component, respectively; ϕ ∈ [0, 1] controls the relative importance of the motoneurons vs. their CPG prediction. If ϕ = 0, then the motoneuron activity is solely feedforward-driven, whereas if ϕ = 1, then the motoneuron activity is exclusively sensory-driven. Note that Ψ j,CPG provide for a model of the corresponding Ψ j,RC motoneurons, which are a simple linear combination of the underlying feedback pathways.
The final motoneurons activity (Ψ) is used similarly to the reflex controller (III-A4) to achieve the effective joints' velocities.
Hereinafter, each stage of the model is described in detail, except for the feedback (reflex) component, which has already been detailed in section III-A. 1) CPG model: The biological CPG model is implemented through a phase oscillator, similar to the one used by Owaki et al. [8] . This oscillator provides for a phase signal φ ∈ [0, 2π] (rad). It is considered that a stride corresponds to a cycle. For each limb is assigned a phase oscillator as follows:
where φ ∈ [0, 2π] (rad) is the CPG phase of each limb, ω is the intrinsic angular velocity of the oscillator and f is the local sensory feedback mechanism. The local sensory feedback (f ) is given by the force sensor in each foot:
where σ is the magnitude of the feedback to the oscillator and GRF is the value read by the foot sensor acting on the corresponding limb.
The phase oscillator generates a periodic time varying signal, which is parameterized according to the step cycle period of the reflex network. The feedback mechanism (f ) that entrains the CPG ensures that the CPG stays synchronized with the step cycle and, thus, with the reflex network. If the period of the reflex network step cycle is not constant, then the feedback mechanism entrains the oscillator phase (φ), accelerating or decelerating the evolution of the CPG phase (φ).
2) Motoneurons predictor: The motoneurons predictor (Ψ CPG ) implements an internal model of the expected motoneurons' outputs generated by reflex circuits. This mapping is built based on the hypothesis that CPGs can be viewed as motoneuron output predictors. Thus, the four motor actions that define the step cycle are mapped to one period of the phase oscillator, i.e, the different values of the CPG phase are related to the gait phases on which each motor action should be activated. Thereby, the CPG's activity should be capable of reproducing the motoneurons' activity generated by a stable walking gait of the reflex network.
IV. SIMULATION RESULTS
This section describes the more relevant Webots simulations made on the compliant quadruped robot Oncilla. The simulation results are divided into two major groups: the experiments related with the reflex controller, and related with the hybrid controller. Pertaining videos of all the experiments are available at http://asbg.dei.uminho.pt/node/402.
A. Reflex controller experiments
Two experimental scenarios were considered: a flat terrain and a ramp.
The first setup is intended to accomplish the full quadruped walking on straight, flat terrain. We start by comparing our earlier work [9] with the reflex network proposed in this work (figure 1), in which the limb loading information plays an important role. It is also expected that the robot is capable of walking on irregular terrains.
The second setup is intended to verify the ability of the robot to deal with other perturbations, namely to climb up and down a ramp with a maximum inclination of 10%.
In this experiments, we analyze the vestibulospinal reflex importance, namely if it is capable of improving the robot's locomotion when climbing up and down a ramp.
Simulations show that the robot is able to move in a flat terrain and to go up and down a ramp, with a controller only based on the robot interactions with the environment.
1) Flat terrain experiments:
In this simulation the robot uses both fore and hind girdles, thus accomplishing stepping motions of the legs while propelling the robot forward and maintaining its balance ( fig. 3) . a) Comparison between the actual reflex network and the reflex network without limb load information: Observing the figure 4a, we can note that the obtained robot's stepping sequence is quite regular, since the stance and swing time for each limb are almost the same during the experiment. This regularity was achieved by the inclusion of the limb load information. Fig. 4b presents the stepping sequence when this information was not considered in the network. Note that a much more irregular stepping is verified, and also evidences an asymmetry along the sagittal plane (red boxes in the figure 4b), concerning the fore limbs. From the stepping sequence of figure 4a it is possible to ascertain that the robot performs a slow trot (or walking trot) gait.
b) Adding noise and delays to the actual reflex network: We decided to add, simultaneously, noise and delays to the reflex network. In order to replicate real world behavior in the simulation software, noise magnitude was set at 5% in all of the robot's sensors and actuators. Herein, we also add a delay to the proposed controller, by considering a 12 ms delay between sensors and sensory interneurons.
Due to the introduction of noise and delays in the system, in many trials the locomotion generated by the proposed reflex controller can become extremely unstable or proceed in undesirable directions. This is as expected in any pure feedback control system analogous to reflex pathways which is sensitive to imperfect sensors and delays. c) Stumbling reflex: Hereinafter, we test the stumbling reflex which allows the robot to overcome small obstacles with both fore and hind limbs. In this experiment, the robot is expected to overcome an obstacle of 3.5 cm height, while walking. The robot successfully overcomes the obstacle in the two situations. The robot maintains its locomotion stable while overcomes the obstacle with both fore and hind left limbs.
When the stumbling reflex is turned OFF and the fore left leg touches the obstacle, the robot gets stuck and ends up falling. These results clearly show the relevance of the stumbling reflex.
In this experiment, we add noise and a 12 ms delay between sensors and sensory interneurons.The stumbling reflex continued to allow the robot to overcome the obstacle with the fore and hind limbs.
2) Ramp experiments: In this simulation, the robot climbs up and down a ramp with a maximum inclination of 10%. The role of the vestibulospinal reflex implemented in the neural network is to prevent the center of gravity from being pulled backwards (while climbing up a ramp) or forwards (while going down a ramp). The reflex does this acting on the knees, flexing or extending them, depending on the situation.
We can divide this ramp and the experiment in three stages: A, B and C. In stage A, the robot climbs up a ramp with a 10% inclination, in stage B the robot stabilizes in a short flat terrain and finally, in stage C, the robot goes down the ramp with the same inclination of stage A.
a) Experiments without noise: We compare the robot's performance when the vestibulospinal reflex is turned ON and OFF. When the reflex was turned OFF, the robot fell. Initially, the robot climbed up the ramp successfully, but the robot fell when it began going down the ramp.
When the robot is going down a ramp, the vestibulospinal reflex has an important role. The reflex is capable of maintaining the body pitch stable, helping the robot going down the ramp. b) Experiments with noise: In order to study the robustness of the system to noise, similarly to the experiments in flat terrain, a 5% noise was added to actuators and sensors. As expected, without the vestibulospinal reflex the robot fell around the same time at when no noise was considered. On the other hand, when the reflex was considered, the robot was able to successfully climb up and down the ramp.
B. Hybrid controller experiments
The experiments presented below were performed in flat terrain, in which the Oncilla robot should accomplish stable quadruped walking.
In this study we use an hybrid model that exhibits the most interesting properties in terms of velocity, displacement, stability, harmony, and stepping sequence, which is then compared with the reflex controller, expecting to improve the robot's walk in flat terrain. It is expected that the hybrid controller improves the Oncilla's walking, by increasing its stability, harmony, velocity and making the stepping sequence even more regular, mainly in situations with noise and delays.
Simulations show that the hybrid controller improves the robot's locomotion, correcting the shortcomings of the reflex controller, i.e., reducing the negative effects of the presence of noise and delays on the reflex controller.
1) Comparison between the reflex controller and the hybrid controller: Hereinafter, we compare the reflex controller with a hybrid controller, considering the displacement, harmony, stability, velocity and stepping sequence regularity of the generated walking gait.
In these experiments, we have addressed locomotion in flat terrain when no noise and delays are considered and with both noise and delays. Table I summarize the collected information. This table displays locomotion features such as swing time (T sw ), stance time (T st ), duty factor (β), robot's velocity (v), three components of gait analysis (disp, harm and stab) and final reward (reward). a) Controllers without noise and delays: Table I , allows us to get some important conclusions about the two controllers. The standard deviations of the T st for all limbs in the hybrid model are lower, leading to a more regular stance period. The hybrid model provides for almost the same average stance and swing times (T st and T sw ) among the girdles, mainly in the fore girdles. Furthermore, the hybrid model increases the robot's velocity (3.5%), displacement (2.8%) and harmony (11.8%). The stability remained equal to the one of the reflex controller.
b) Controllers with noise and delays: Noise and delays were added in the reflex network and hybrid model. Figure 5 shows the robot's stepping patterns resultant from this experiment. The hybrid model presents a stepping pattern significantly more regular, when compared with the stepping sequence of the reflex controller (figure 5a). Table I allows us to conclude that the hybrid model improves the robot's walking behavior. All the T st and T sw standard deviations are lower, leading to an evidently more regular stepping. Furthermore, the hybrid model increases the robot's displacement (1.76%), stability (11.5%) and velocity (7%).
V. CONCLUSIONS
This research's main contribution to knowledge is related with the hybrid controller, which presents an innovative approach. The CPGs have a different function when compared to the actual state of the art of bio-inspired controllers that combine CPGs and reflexes, since they work as motor actions' predictors. The feedforward component (CPGs) improved the robot's behavior by increasing its stability, harmony and displacement, in almost all of the experiments. Furthermore, the stepping patterns become more regular due to the inclusion of the CPGs in the system, filtrating the noise and anticipating the robot's motor actions.
The controllers designed in this thesis can still be improved. Regarding to the reflex component, the addition of more reflexes can be relevant, in order to further improve the capabilities of the robot. The system that predicts the motor actions should be capable of generating the shape of the motor actions' signals automatically. The CPGs should be capable of modulating the robot's velocity and capable of selecting the gait type. Another future task is the improvement of the hybrid models through the implementation of an optimization system.
